BACKGROUND-Insulin resistance (IR) increases Alzheimer's disease (AD) risk. IR is related to greater amyloid burden post-mortem and increased deposition within areas affected by early AD. No studies have examined if IR is associated with an in vivo index of amyloid in the human brain in late middle-aged participants at risk for AD.
Background
The etiopathogenesis of Alzheimer's disease (AD) is partly characterized by extracellular β-amyloid (Aβ) aggregation and medial temporal lobe atrophy (1) . Insulin resistance (IR) is associated with brain amyloidosis in rodents and humans (2) (3) (4) (5) (6) . IR is characterized by loss of tissue responsivity to insulin and progressive compensatory peripheral hyperglycemia. Some studies suggest that higher IR is present in AD (1), increases AD risk (7) , and is associated with post-mortem Aβ plaques (8) . IR may increase Aβ oligomerization and potentiate brain atrophy via neuroinflammation or other downstream effects (9) . Intranasal insulin therapy has been found to conversely increase plasma Aβ40/42 ratios and improve cognition (10) .
No study has examined the direct association between IR and an in vivo marker of amyloid load in AD-sensitive brain areas in late middle-aged participants. Regions of interest (ROIs) include inferior and medial temporal lobe, ventral prefrontal cortex, and posteriomedial cortex (6) . Insulin resistance and type 2 diabetes involve multiple mechanistic pathways, and the effect of IR on neural health may differ depending on whether or not hyperglycemia is present (7, 11, 12) .
In this study, we examined if IR was associated with amyloid binding in three AD-sensitive ROIs based on glycemic status, as found in our previous study on IR and glucose uptake (13) . We hypothesized that higher IR, indexed by the Homeostatic Model Assessment of Insulin Resistance (HOMA-IR) (14) , would predict greater amyloid burden using [C-11] Pittsburgh Compound B (PiB) (15) positron emission tomography (PET). On an exploratory basis, we also investigated sub-regions of these areas to provide greater spatial specificity.
Methods

Participants
One hundred and eighty-six late middle-aged adults from the Wisconsin Registry for Alzheimer's Prevention (WRAP) underwent PiB-PET scanning. Demographics are shown in Table 1 . Details about selection criteria, recruitment sources, and other aspects are directly discussed elsewhere (16) . Briefly, this on-going study examines genetic and biological factors that contribute to the development of dementia-related cognitive decline and neural dysfunction. Participants were classified as either having a positive (FH+) or negative family history (FH−) of AD. FH+ was defined as having one or both parents with autopsyconfirmed or probable AD as defined by research criteria (17) , based on review of medical records and autopsy reports when available. FH− was defined as no formal diagnosis of AD or other significant cognitive decline in either parent, based on information provided by telephone interviews with participants. The inclusion criteria for this study consisted of: normal cognitive function determined by neuropsychological evaluation and consensus meeting similar to NINCD-SADRDA recommendations (17) , no contraindication for PET or magnetic resonance imaging (MRI) and a subsequently normal MRI scan, no current diagnosis of major psychiatric disease or other major medical conditions (e.g., myocardial infarction, recent history of cancer), and no history of head trauma. The University of Wisconsin Institutional Review Board approved all procedures related to this study. Each participant gave full informed consent prior to study participation.
Neuropsychological testing
To confirm that participants in this sample were cognitively normal, the MMSE and neuropsychological factor scores from the full battery (16) were used (see Table 1 ). Four cognitive domain factors were derived as described previously (18) (23) . It is emphasized here that consensus committee meetings in line with NINCD-SADRDA recommendations (17) were used to confirm if participants were cognitively normal, rather than just the MMSE and other neuropsychological tests.
APOE genotype
Apolipoprotein (APOE) genotyping has been described previously (24) . Participants were categorized as "Non-APOE4" (no ε4 alleles) or "APOE4" (at least one ε4 allele).
HOMA-IR, BMI, glycemic status, and other factors
Participants were fasted for 12 hours prior to blood collection. Basal glucose and insulin were measured in serum. As described previously (11), insulin was quantified by standard ELISA (R&D Systems, Minneapolis, MN). HOMA-IR was calculated by taking the product of basal glucose (mg/dL) and basal insulin (μU/mL) and dividing by 405 (14) . HOMA-IR was treated as a continuous variable for analyses. Body mass index (BMI) was calculated by dividing the participant's weight in kilograms by the square of their height in meters. Hyperglycemia was defined as either 1) having type 2 diabetes or being at risk for type 2 diabetes (i.e., pre-diabetes) based on American Diabetes Association criteria (i.e., fasting blood glucose levels of 100 mg/dL or greater); or 2) taking medication to control type 2 diabetes. Finally, as described previously (16) , diastolic and systolic blood pressure (DBP, SBP) and total cholesterol were acquired.
MRI: anatomical
A 3-dimensional fast spoiled gradient-echo (3D EFGRE) T1-weighted image was acquired using a 3T General Electric (Waukesha, WI) scanner. Sequence parameters were: TR=8.1 ms; TE=3.2 ms; TI=450 ms; flip angle = 12°; 256×256 matrix; FOV=260 mm; slice thickness= 1.0 mm. Images were inspected for artifact or abnormalities that would exclude them from use in PET analyses. No scans were excluded.
Regions of Interest: freesurfer segmentation and parcellation
Our analysis focused on broad regions of interest (ROIs) to limit the number of statistical comparisons made. In order to derive the ROIs, T1-images were pre-processed using FreeSurfer 5.1 software (http://surfer.nmr.mgh.harvard.edu/). This software package corrects images for intensity bias, removes the skull, and then uses a probabilistic atlas to segment gray and white matter and classify different sub-cortical structures, as well as parcellate and label cortical regions (25) . The 2009 Destrieux atlas was used, which delineates between sulci and gyri prior to regional classification and offers a more precise method for interpolating surface topology relative to other Freesurfer atlases. As depicted in Figure 1 , we created three broad ROIs that encompassed ventral frontal, inferior and medial temporal, or posterior parietal regions. Figure S1 depicts the 17 Freesurfer ROIs ("sub-ROIs") used to construct the three broad ROIs.
PET: [C-11]PiB synthesis, scanning, and distribution volume ratio maps
Details regarding [C-11]PiB radiochemical synthesis and scanning have been described previously (18) . Briefly, [C-11]PiB was synthesized using a captive solvent method (26) . Typical yields of final [C-11]PiB product were in excess of 2 GBq, with specific activities of 150 -600 GBq/umol. [C-11]PiB PET data were acquired in 3D mode. A 6-minute transmission scan was acquired for attenuation correction. A 70 minute dynamic [C-11]PiB PET acquisition was then initiated with the injection of a 550 MBq of [C-11]PiB bolus, injected over 30 s. 17 dynamic acquisition frames were collected. The PET data were reconstructed using a filtered back-projection algorithm (DIFT) with sinogram trimming to a voxel size of 2.57mm × 2.57mm × 2.43mm and matrix dimension of 128 × 128 × 63 and corrected for random events, attenuation of annihilation radiation, deadtime, scanner normalization and scatter radiation. The reconstructed time series PET data were realigned using SPM8 (www.fil.ion.ucl.ac.uk/spm) to correct for subject motion during the course of the study. A denoising algorithm, HighlY constrained backPRojection (HYPR) technique with backprojections to local regions of interest (HYPR-LR), was then applied to the voxelbased time series (27) . The PET time-series was coregistered into the T1-weighted MRI scan using mutual information.
The [C-11]PET data were then transformed into voxel-based parametric images representing [C-11]PiB binding, using the cerebellar cortex as a reference region of negligible binding (28) . Voxel-based parametric images using Logan graphical analysis were created as described by Lopresti and colleagues (28) . For the Logan graphical method (29) , linear regression was applied to the transformed data using the 35-to 70-min (7 points) interval and a mean efflux constant of 0.149 min −1 . The resulting distribution volume ratio (DVR) images were inspected for quality. The three broad gray matter ROIs were used as masks to extract the bilateral mean value from the left and right hemispheres.
Statistics
For each ROI, a linear mixed model approach was used. The dependent measure was mean PiB signal extracted from one of the 3 ROIs, reflecting amyloid deposition. The fixed effect independent variable of interest was HOMA-IR by Glycemic Status. Fixed effect covariates included age at time of the scan, sex, FH status, APOE4 status, BMI, and type 2 diabetes medication, as well as the main effects of Glycemic Status and HOMA-IR. Additional models were run that also incorporated education, diastolic and systolic blood pressure, or total cholesterol as covariates of secondary interest. The random effect of subject was modeled in all analyses. While we included the main effects of glycemic status and HOMA-IR to test for their interaction, we only anticipated an interaction between HOMA-IR and Glycemic Status. Indeed, previous work has underscored the importance of examining HOMA-IR among participants with normoglycemia or hyperglycemia (13). HolmBonferroni correction (30) was used to control type 1 error for the three ROI comparisons. This is closed test procedure maintains a family-wise alpha of .05 by requiring unadjusted pvalues of .017, .025, and .05 among the 3 null hypotheses tested. If the HOMA-IR by Glycemic Status interaction was significant, normoglycemia and hyperglycemia groups were separately tested with the same mixed model structure and covariates as above. HOMA-IR was the independent variable of interest in these post-hoc analyses.
A logarithmic transformation was used to normalize HOMA-IR, which originally had positive skew (3.436). Non-parametric Mann-Whitney U tests were used to compare demographic characteristics between participants classified as PiB positive (PiB+) or PiB negative (PiB−), as described below. Finally, to confirm that participants with high values did not bias HOMA-IR and PiB associations, a separate set of non-parametric analyses were conducted. Specifically, ROI values were first covariate-adjusted using the same covariates as above, followed by Spearman correlations for each glycemic group. All analyses were conducted using SPSS 21.0 (Chicago, IL).
Results
Demographics and PiB deposition characteristics
Sample characteristics are listed in Table 1 . We have previously classified and reported on WRAP participants that appear to be PiB+, PiB intermediate, and PiB−, as well as corresponding neural and cognitive features (18) . Based on a mean DVR of 1.1 or higher over any of the three broad ROIs in this pre-clinical, middle-aged cohort, 18 participants were classified as PiB+ compared to 168 PiB− participants. Based on the Mann-Whitney U statistic, PiB+ corresponded to significantly higher mean BMI [32.4 
IR, hyperglycemia, and amyloid deposition in ROIs
IR, hyperglycemia, and amyloid deposition in sub-ROIs
On an exploratory basis without type 1 error correction, we also investigated bilateral subROIs depicted in Figure S1 that composed the 3 broad ROIs. Specifically, among 17 subROIs, we tested the relationship between higher HOMA-IR and higher PiB in the normoglycemia and hyperglycemia group. The hyperglycemia group showed no associations (data not shown). For the normoglycemia group, Table S1 indicates that the frontal ROI result may be explained by gyrus rectus. For the temporal ROI, significant subregions included inferior temporal gyrus and sulcus, as well as medial temporal lobe, where HOMA-IR explained 14.7% of the variance in inferior temporal gyrus. For the parietal ROI, no sub-ROI was statistically significant. We emphasize that these exploratory analyses should be viewed with caution, given the lack of error correction.
Discussion
The aim of this study was to determine the association of IR with glycemic status on PiB uptake in cognitively healthy, late-middle aged adults. This is the first study to illustrate an association between higher IR and an in vivo index of amyloid burden. This association was found only in participants without elevated glucose values, which we briefly discuss below. While this relationship was modest for the broad ROIs, it is compelling to consider that these associations were found in an asymptomatic cohort only beginning to show amyloid deposition, given that there is wide variation in the presence and degree of amyloid aggregates present even in aged adults without AD (31) . A similar amyloid pattern is seen in sporadic late onset AD (9) . IR has been linked with amyloidosis in both humans and animals (3, 4, 9) , although others have found no relationship between IR and amyloid scans or histopathology (32) . Given that neural amyloidosis is one of the first salient features in preclinical AD (23) , it may be of clinical relevance to test whether interventions that reduce IR may also reduce amyloid deposition and other aspects of disease pathogenesis in similar cohorts. However, one cannot infer causality or directionality about IR and amyloid burden from this study.
It should be cautioned that one should not extrapolate results from middle-aged participants without clinical impairment to MCI and AD or cognitively normal, aged participants. Indeed, it is noteworthy to mention that these results differ from Thambisetty and colleagues (32) , who recently found that longitudinal insulin resistance derived from oral glucose tolerance tests did not predict PiB uptake or amyloid at autopsy in aged subjects. The PiB imaging component of their study had a comparatively smaller sample size than ours and did not covary typical AD risk factors. Furthermore, multiple insulin kits were used to analyze values over the course of the study, which might cause significant variation. Given that baseline HOMA-IR may only predict AD conversion out to three years (7), longitudinal HOMA-IR may also be less important than HOMA-IR collected near scan time. Finally, Talbot and colleagues (8) found post-mortem that central IR progressively increased from cognitively normal to AD participants, and was related to higher amyloid plaque load.
It has often been speculated that IR induces atrophy in part through amyloid neurotoxicity (33) and decreased glucose uptake (34) , the latter of which can induce protein glycation and subsequent reactive oxygen species production. Tau aggregation and hyperphosphorylation may be one mechanism to consider, although tau pathology is hypothesized to occur later in the disease process (23) . IR also dysregulates vasodilation and damages microvascular architecture (35, 36) , which can cause microangiopathy. These events can precede type 2 diabetes onset (37, 38) . If IR influences amlyoid aggregation, it may only begin to affect brain volume later in life or during early AD, although again it is not appropriate to infer from the study that IR will predict amyloid deposition in AD.
Our primary analysis did not show a statistical effect among participants with hyperglycemia. These results may be due to the limited range of hyperglycemia in our sample, particularly the relatively few participants with type 2 diabetes. Hyperglycemia may also impact amyloid burden independent of IR. Given that type 2 diabetes increases AD risk (7) , larger studies of amyloid binding in patients with frank diabetes, both treated and untreated, will be needed to further examine these associations.
Several limitations should be discussed. On average, the DVRs for [C11]PiB were low. However, similarly low DVR and Mean Cortical Binding Potential have been found in studies focused on a slightly older middle-aged cohort (39) or that in part examined middleaged participants (40) . By extension, it was not feasible to examine PiB deposition in control regions unlikely to be affected by IR, because there is not a high enough DVR signal to be considered reliable in this healthy, middle-aged cohort. While additional areas of interest could have been chosen for our analysis, we chose a small number of broad ROIs in which early amyloidosis or AD pathology is found, primarily to reduce and control type 1 error. The exploratory analysis of sub-ROIs within these broad ROIs especially warrants caution, as regional analyses were done without type 1 error correction. The associations between HOMA-IR and PiB DVR in broad ROIs were modest. However, Reiman and colleagues (39) found in several ROIs similar to ours that heterozygous or homozygous ε4 carriers had significant but similarly modest increases in PiB DVR, although they also found larger increases in other ROIs. It should again be noted that causal inferences cannot be drawn based on our study. Finally, because not all cognitively normal participants who show amyloid deposition will develop AD, we reiterate that it is inappropriate to infer that higher HOMA-IR is a risk factor for amyloid deposition in MCI and AD patients. In conclusion, cognitively normal middle-aged participants with high HOMA-IR had modestly higher amyloid binding in several regions impacted by early AD. IR may be an important biomarker for early amyloid deposition in middle-aged participants at higher risk for AD.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
Systematic Review
We searched for articles in PubMed using the following keywords: insulin resistance; amyloid; PiB; Pittsburgh compound B; Aβ ; positron emission tomography; type 2 diabetes; metabolic syndrome; and Alzheimer's disease. We examined in vivo and ex vivo work in rodents and humans, to determine to what degree insulin resistance predicts amyloidosis and may serve as a biomarker for amyloid accumulation in tissue. Willette 
Interpretation
This is the first human study to demonstrate that insulin resistance is associated with amyloid deposition in brain regions affected by AD. These associations were found in late middle-aged participants only beginning to show amyloidosis, and the pattern reflects early AD progression.
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Future Directions
To confirm and expand on our work, it will be important to further examine IR and amyloid deposition in cognitively healthy and impaired older adults. Intervention studies are also needed to test the protective effect of IR reduction on AD prevention. 
